Abstract-Propagation is an essential factor ensuring good coverage of wireless communications systems. Propagation models are used to predict losses in the path between transmitter and receiver nodes. They are usually defined for general conditions. Therefore, their results are not always adapted to the behavior of real signals in a specific environment. The main goal of this work is to propose a new model adjusting the loss coefficients based on empirical data, which can be applied in an indoor university campus environment. The Oneslope, Log-distance and ITU models are described to provide a mathematical base. An extensive measurement campaign is performed based on a strict methodology considering different cases in typical indoor scenarios. New loss parameter values are defined to adjust the mathematical model to the behavior of real signals in the campus environment. The experimental results show that the model proposed offers an attenuation average error of 2.5% with respect to the losses measured. In addition, comparison of the proposed model with existing solutions shows that it decreases the average error significantly for all scenarios under evaluation.
Introduction
Indoor environments are the most difficult scenarios in which communication systems operate, because the density of wireless communications is increasing on a daily basis, and the number of active devices is growing rapidly. Therefore, it is necessary to understand the nature of indoor propagation to predict the effects on electromagnetic signals through a propagation model. The goal of propagation models is to determine the probability of successful operation of a communication system. It is an important factor in communication network planning. If the model is too conservative, the network could be very expensive. If it is too liberal, it can have low performance. Thus, fidelity of the model must be adapted to the network application [1] . It can be classified as a deterministic model, empiric model and as a combination of the two [2] , depending on the environment characteristics available and their stability over time [3] . Since the indoor environment is more unfavorable than a typical outdoor scenario, determining a good propagation model is complicated, mainly due to the high variability in building structure and building materials [4] . Moreover, the propagation level can be radically affected by the interaction between obstacles, for instance, people motion or the closing of the doors. For this reason, the deterministic model is not usually used for indoor environments. In the literature, there are many models providing for a number of parameters, for instance attenuation between floors [5] and optical phenomena, such as reflections [6] . Mathematical expressions are needed that model the specific indoor environmental conditions with more precision. Most models rely on the exponential law, with the propagation loss exponent depending on the frequency of operation [7] , meaning that propagation is different for each frequency band. Obtaining a mathematical model realistically reflecting the specific construction characteristics, such as type of building structure, shape of zones, wall thickness, type of materials used and separation distances between obstacles, is a complex task [8] , [9] . For example, for 2.4 GHz WLAN systems there are data for underground mines [10] , space platforms [11] and airports [12] . Paper [13] compares different models in building offices, concluding that the standard deviation of the error between the estimation and measurement model is around 6 dB. For the 914 MHz band, article [14] presents a simple exponential model where the error in the loss calculus by a block of data is around 6 dB on average and, 9 dB in the worst case scenario. All these models are empirical. In the literature, it is not easy to find empirical models based on extensive measurement campaigns, enabling losses to be determined and later adapted to a mathematical model, because it is an expensive and difficult task requiring high performance equipment and demanding that a strict methodology be followed [15] , [16] . Among the most popular indoor empirical models is the One-slope model (OSM), which assumes a linear depen-dence between path losses (in dB) and the logarithm of the distance between the transmitter and the receiver. It is a simple model, but is usually characterized by a high percentage of error because it does not take into account the environment characteristics in the calculus [17] . Another model is the Log-distance model [18] that is a combination of the modified power law and log-normal fading based on empirical data. Finally, the International Telecommunication Union (ITU) has a loss model resuming in recommendation P.1238 [19] . It is based on empirical construction coefficients obtained through a measurement campaign that calculates the losses per trip in five different types of offices for the frequency range from 900 MHz to 100 GHz. The goal of this paper is to propose a new model based on typical prediction models but with an adjustment of building campus environment parameters through an extensive measurement campaign, to obtain coefficients that are closer to real conditions. This paper is organized as follows. Section 2 presents the indoor propagation models calculus and parameters. Section 3 describes the methodology for the measurement campaign and how the data is analyzed. In Section 4, the proposed model to calculate losses on the campus is described. The results are discussed in Section 5. Section 6 concludes the paper.
Indoor Propagation Models
In the indoor propagation environment, there are similar mechanisms (reflection, diffraction, and scattering) to those existing in outdoor environments. However, the indoor environment is considered more hostile [1] . For instance, inside a building, the signal levels can change by opening or closing a door [18] . Three key models, namely One-slope, Log-distance, and ITU indoor path loss models, are presented here.
One-slope Model (OSM)
In the One-slope indoor propagation model, a linear dependence between the path loss (PL) and the logarithm of the length d of the path is assumed, as can be seen in Eq. (1):
where PL(d 0 ) represents the path loss at the reference distance equal to 1 m or Free-Space Path Loss (FSPL) for distance d [1] , and n OSM is the loss exponent. It is evident Building (LOS) 1.6 to 2 Building (NLOS) same floor 2 to 4 Building (NLOS) through 1-3 floors 4 to 6 that OSM does not consider the random effects occurring in the propagation [20] . Table 1 presents the values of the attenuation coefficient when different environments at the frequency of 915 MHz are considered.
Log-distance Model
It is a generic model frequently used in the literature to predict the propagation loss. It is logarithmically dependent on the distance, is used for a wide range of environments, and is expressed as:
where PL(d 0 ) is defined as in Subsection 2.1, n LD denotes the path loss exponent, and X σ is a normal random variable with zero mean (in dB) and standard deviation of σ . X σ includes in the model the shadowing effect and it is equal to zero in the case of no shadowing. Finally, Table 2 presents empirical values to path loss exponent and standard deviation for various indoor wave propagation cases [18] . 
ITU-R (P.1238) Indoor Model
The ITU model is a radio propagation model that predicts the indoor path loss inside a closed area, e.g. inside a building, and is given by [1] :
where f is the frequency in MHz, n ITU represents the distance power loss coefficient. The representative values for the attenuation coefficient for indoor environments are showed in Table 3 [19] . Additionally, in Eq. (3), d is the distance in meters, L f (p) is the floor penetration loss factor, and p denotes the number of floors between the transmitter and the receiver, in this case 0.
Methodology

Scenarios
Two buildings were chosen on the Universidad Técnica Particular de Loja (UTPL), Loya, Equador, campus to allow examination of indoor propagation models in the presence of different cases. The two buildings are described below: There are 9 measurements cases, divided in two situations: NLOS ( Fig. 1 ) with obstacles (cases 1-7) and LOS ( Fig. 2 ) with free space (cases 8-9). Obstacles 1 to 7 are wooden doors (4 cm), glass doors (0.8 cm), wooden-glass doors (4 cm), gypsum walls (7.5 cm), wooden walls covered with textile and glass (9 cm), partitions (wood with metal joints) and wood with glass and metal intersecting cubicles (9 cm), respectively. The LOS situation is present in corridors: case 8 with the length of up to 22 m, and case 9 with the length of over 22 m.
Equipment
The measurement equipment consists of:
• Keysight ECE Vector Signal Generator N5172B-50, 9 kHz -GHz at the transmitter,
• Keysight Signal Analyzer N9000A-507, of 9 kHz -7.5 GHz at the receiver,
• two antennas Yagi TG-Y915-14 that have the gain of 14 dBi each one.
Experimental Procedure
Before starting the test, the transmitter and receiver antennas are positioned on metal supports at the height of 1.2 m. The transmit power is adjusted to -40 dBm at 915 MHz, and the receiver is configured in the 900 MHz band (902-928 MHz) with a central frequency of 915 MHz (see Fig. 3 ). The transmitter and the receiver are positioned at the distance corresponding to the case to be measured. Thus for the specific situation:
• NLOS doors, walls, separators, and cubicles -the transmitter and receiver are placed at an initial distance of 0.50 m. Then, measurements are made by moving the transmitter in a straight line in 0.25 m steps (Fig. 4) .
• LOS halls, and corridors -the transmitter and receiver are located at the same initial distance as in NLOS. Measurements are then taken every 0.5 m, to the maximum value of 40 m, like in Fig. 5 . 
Proposed Model
The objective of this work is to propose a model, with the specific coefficients used in loss prediction models adjusted to a university campus scenario, that can be used in similar environments.
As mentioned in previous sections, the typical models of propagation include the FSPL model, which calculates the loss that results from a line-of-sight path through free space and that depends on the square of the distance. Then, losses typical of a specific scenario are introduced through attenuation coefficients. Such models generally provide loss coefficients (different for each infrastructure) which, according to measurements that have been made at specific locations, are not feasible to use. For this reason, new loss coefficients must be obtained to have a model that is better adjusted to the actual behavior of indoor communications systems on a university campus.
Values obtained in the measurement campaign sere as baseline data for this task, as explained in Section 3. In order to obtain n, it clears this value from:
where PL is FSPL, d is the distance and L total represents the path losses, which is calculated replacing the values in the load balance expression:
where P RX is the reception power (obtained in the measurement campaign), P TX is the transmission power and G A is the sum of antennas gain in transmission and reception.
Then, with the measured values we calculate the standard deviation (σ ) and the correction factor (CF). For each case, the standard deviation σ is calculated with the variance S of the measured average values through σ 2 = S. Table 4 shows the attenuation coefficients and the respective standard deviation for different cases. Finally, the new coefficients are inserted in the defined model of Eq. (2), where PL(d 0 ) is replaced by CF according to the obtained measured values, so, the proposed model is resumed in Eq. (6):
Results
In this section, a comparative analysis is presented, discussing results based on the average error. The average error is the relation between calculated attenuation and the measured attenuation. Figure 6 depicts the measured attenuation versus calculated attenuation through the proposed model for cases 1 to 7. The attenuation for cases 8 and 9 is depicted in Fig. 7 . The measured values show that the attenuation in short corridors is lower than in long corridors, with the variation of around 3 dB and peaks up to 7.96 dB. The error is 2.83 dB and 3.9 dB, respectively. Abrupt changes in attenuation curves are mainly due to the multipath effect caused by the variability of the indoor environment. Figure 8 shows the average error for the theoretical models and the proposed model. 
Conclusions
In this paper, some typical propagation models have been analyzed. An extensive measurement campaign was performed based on a strict methodology. With these results a new model was proposed. The proposed model specifies coefficients (n and σ ) for structures, shapes, materials, and obstacles typical of a campus environment. All approaches were have been analyzed, compared and the results are discussed. Theoretical models have a high error percentage -mainly the One-slope model with values between 12% and 27%. Log-distance and ITU models have a better performance for the scenarios under study, with different obstacles and corridors considered. The proposed model decreases the attenuation error by approximately 10 dB, meaning that the models analyzed have been optimized. Low error percentages are obtained in all scenarios. The proposed model presents the average measured attenuation data error of 2.5%.
